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Field electron emission of layered Bi2Se3
nanosheets with atom-thick sharp edges†

Huihui Huang,‡ab Yuan Li,‡c Qi Li,‡c Borui Li,a Zengcai Song,a Wenxiao Huang,c

Chujun Zhao,b Han Zhang,*b Shuangchun Wen,b David Carroll*c and Guojia Fang*a

Field electron emission properties of solution processed few-layer Bi2Se3 nanosheets are studied for the

first time, which exhibit a low turn-on field of 2.3 V mm�1, a high field enhancement factor of up to 6860

and good field emission stability. This performance is better than that of the as reported layered MoS2f
sheets and is comparable to that of single layer graphene films. The efficient field emission behaviours

are found to be not only attributed to their lower work function but also related to their numerous sharp

edges or protrusion decorated structure based on our simulation results. Besides, the contribution of

possible two-dimensional electron gas surface states of atom-thick layered Bi2Se3 nanosheets is

discussed in this paper. We anticipate that these solution processed layered Bi2Se3 nanosheets have

great potential as robust high-performance vertical structure electron emitters for future light weight

and highly flexible vacuum micro/nano-electronic device applications.
1. Introduction

Field electron emission is a phenomenon that involves
extracting electrons from materials via quantum tunnelling
through the surface potential barrier under a strong electric
eld. Its applications include at-panel displays, high energy
accelerators, X-ray sources, microwave ampliers and vacuum
microelectronic devices.1–3 Among the eld emission materials,
one-dimensional (1D) nanostructure materials including ZnO,
carbon nanotubes or nanowires have been sufficiently studied
for many years.4–10 Field emission from two-dimensional (2D)
atomic crystal materials such as graphene11–16 and MoS217 has
recently attracted immense interest due to their atom-thick
sharp edges, unique electronic properties and compatibility
with planar device technology.

Most recently, V2VI3 compounds like Bi2Se3, Bi2Te3 and
Sb2Te3 have received growing attention not only because of their
thermoelectric properties but also their unique electronic
properties with insulating bulk states and topologically pro-
tected single Dirac cone surface states, namely, topological
insulators (TIs).18–23 Besides, these materials have layered
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structures due to the weak van der Waals' force between the
quintuple layers (QLs) along the [001] direction. As the thick-
ness reduces to a few QLs, its surface properties could be
enhanced due to the increase of the ratio of surface area to
volume.18–23 For Bi2Se3, for example, recent literature reported
that the square resistance of Bi2Se3 nanosheets with a few QLs
could be as low as 330 U, which might be ascribed to a new type
of two-dimensional electron gas (2DEG) covered on the
surface.21 The good conductivity and large surface to volume
ratio (more atom-thick sharp edges or boundaries) of a layered
Bi2Se3 nanosheet indicate that it could be a promising excellent
eld emission material. Field emission properties of Bi2Se3
nanoake arrays prepared by vapour phase growth have been
reported.24 However, eld emission properties of Bi2Se3 with
atom-thick 2D layered structures have not been reported from
experiment or theory. In this paper, we experimentally studied
the eld emission properties of solution processed layered
Bi2Se3 nanosheets and proposed a theoretical eld emission
model for this system.
2. Results and discussion

Layered Bi2Se3 nanosheets were prepared from bulk Bi2Se3
crystals by a three-step exfoliation method including mechan-
ical grinding, hydrothermal exfoliation and sonication exfolia-
tion (see the fabrication route in Fig. S1†). Fig. 1(a)–(c) show the
transmission electron microscopy (TEM) images of the layered
Bi2Se3 nanosheets, which were prepared by directly dropping
onto the substrate from the dispersion solution (see Fig. S1(d)†).
Clearly layered structures with sizes of several hundred nano-
metres could be seen from these images. Furthermore, the
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 (a–c) TEM images of the layered Bi2Se3 nanosheets. (d) SAED
pattern of the layered Bi2Se3 nanosheets.

Fig. 3 (a) AFM image and height profile (b–c) of the layered Bi2Se3
nanosheets.
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corresponding selected area electron diffraction (SAED) pattern
of the Bi2Se3 nanosheets is shown in Fig. 1(d). The regular shape
of the SAED pattern reveals that the layered Bi2Se3 nanosheets
are monocrystalline and the wide surfaces are analyzed as {001}
planes, which implies that the nanosheets were exfoliated along
the [001] (c-axis) direction.

Fig. 2 shows the scanning electron microscopy (SEM) images
of layered Bi2Se3 nanosheets which were spin-coated on a Si
substrate from the dispersion solution (see Fig. S1(d)†). Flat
layered Bi2Se3 nanosheets were dispersed on the Si substrate
with sizes up to several hundred nanometers. In order to prove
the atom-thick layered structure of the as-obtained Bi2Se3
nanosheets, atomic force microscopy (AFM) techniques were
applied to the sample, which is shown in Fig. 3. Fig. 3(a) shows
the AFM image of dispersed layered Bi2Se3 nanosheets; the
thicknesses of all the nanosheets in the image are smaller than
2.87 nm. For accurate thickness information, height proles of
line A–B and line C–D in the image are shown in Fig. 3b and c.
The thicknesses of the samples in line A–B and line C–D are
calculated as �1.0 nm and �1.3 nm, respectively. Considering
the instrumental error, these results imply that the Bi2Se3
nanosheets in the image might be made up of 1 or 2 QLs since
each planar QL has a thickness of �0.955 nm.25 These above
results prove that the as-prepared Bi2Se3 nanosheets have atom-
thick 2D layered structures.
Fig. 2 SEM images of the exfoliated layered Bi2Se3 nanosheets spin-
coated on a Si substrate.

This journal is © The Royal Society of Chemistry 2014
Furthermore, Fig. 4(a) compares the Raman spectra of the
layered and bulk Bi2Se3 in the range of 50–200 cm�1. The three
Raman peaks centred at �70 cm�1, �130 cm�1 and �173 cm�1

could be assigned to the out-plane vibrational mode (A11g), the
in-plane vibrational mode (E2

g), and the out-plane vibrational
mode (A21g) of Bi2Se3, respectively.26,27 It also can be seen that the
relative intensity of the A1

1g vibrational mode in the layered
Bi2Se3 spectrum is stronger than that in the bulk Bi2Se3 spec-
trum. Besides, the line width (�11.8 cm�1) of the E2

g vibrational
mode of the layered Bi2Se3 is a little bit broader than that of the
bulk Bi2Se3 (�10.5 cm�1). These Raman results conrm the few
layer structure of the Bi2Se3.27

In order to investigate the surface electronic states of Bi2Se3,
ultraviolet photoelectron spectroscopy (UPS) spectra of layered
Bi2Se3 and bulk Bi2Se3 are compared in Fig. 4(b). On one hand,
the UPS spectrum of layered Bi2Se3 shied by about 0.4 eV to
Fig. 4 (a) Raman spectra of layered Bi2Se3 and bulk Bi2Se3. (b) UPS
spectra of layered Bi2Se3 and bulk Bi2Se3.

Nanoscale, 2014, 6, 8306–8310 | 8307
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higher binding energy compared with that of bulk Bi2Se3,
indicating a decrease in work function for the layered Bi2Se3. On
the other hand, the valence bandmaximum (Ev) of bulk Bi2Se3 is
located 0.7 eV below its Fermi level (EF), indicating that the bulk
conduction band is occupied due to the n-type doping of
defects, which also implies that the surface properties of bulk
Bi2Se3 (with a band gap of �0.3 eV) might be masked by its bulk
states. However, no clear energy gap between Ev and EF could be
found in the UPS spectrum of layered Bi2Se3, which might
be caused by the dominating zero-band surface states of the
layered Bi2Se3 due to its large surface-to-volume ratio. The lower
work function and the possible much more conductive surface
of layered Bi2Se3 should be related to the changed surface
properties including surface energy and surface band struc-
ture,21,22 both of which are conducive to the eld emission and it
will be proved in the following experiments.

The electron-eld-emission measurement of the layered
Bi2Se3 nanosheets was carried out in a vacuum chamber with a
base pressure lower than 1 � 10�5 Pa at room temperature. In
this case, the Bi2Se3 nanosheets were spin-coated on pre-
cleaned n-type silicon (9.0 � 10�3 U cm) from the dispersion
solution (see Fig. S1(d)†). Therefore, the Bi2Se3/Si was employed
as the cathode and an ITO glass was used as the anode for this
measurement. A typical plot of eld emission current density
versus electric eld (J–E) curve at a vacuum gap of �220 mm is
shown in Fig. 5(a). As compared in Table 1, the turn-on eld
Fig. 5 (a) Typical plot of field emission current density versus electric
field (J–E) of the layered Bi2Se3 nanosheets. The inset is the corre-
sponding Fowler–Nordheim (FN) plot. (b) The field emission current
stability of the layered Bi2Se3 nanosheets over time; the inset is an
electron emission fluorescence image of the layered Bi2Se3 nanosheet
emitter (a phosphor coated ITO glass was used as the anode in this
case).

8308 | Nanoscale, 2014, 6, 8306–8310
(Eto) of the layered Bi2Se3 on at Si (dened as the emission
current density reaching 10 mA cm�2) is about 2.3 V mm�1,
which is smaller than those of layered MoS2 sheets and is
comparable to that of single-layer graphene lms.11,17 The
obtained J–E curve could be further analyzed by the Fowler–
Nordheim (FN) theory, which can be expressed by the following
equation:

J ¼ A(b2E0
2/f)exp(�Bf3/2/bE0) (1)

where J is the eld emission current density, E0 is the mean eld
between the cathode and anode, b is the eld enhancement
factor, f is the work function, and A and B are constants (A ¼
1.54 � 10�6 A eV V�2, B ¼ 6.83 � 103 V eV�3/2 mm�1). The inset
of Fig. 5(a) shows the corresponding FN plot (ln(1/E0

2) vs. 1/E0),
which shows approximately a linear relationship with a slope
m ¼ �10.1. Since the work function of layered Bi2Se3 could be
deduced from the UPS results as 4.7 eV, the eld enhancement
factor b can be calculated to be 6860 (b ¼ (�6.8 � 103)f3/2/m),
which is larger than those of single-layer graphene lms and
layered MoS2 sheets, as shown in Table 1. The emission stability
test was performed at a preset value of �0.13 mA cm�2 and the
recording interval was 1 s. As shown in Fig. 5(b), no obvious
emission degradation is observed for over 3600 s and the
emission uctuation is about �15%. The inset of Fig. 5(b)
illustrates the corresponding electron emission uorescence
image. In the meantime, we also fabricated a exible eld
emitter simply by drop casting the layered Bi2Se3 dispersion
onto carbon cloth (see Fig. S4–S7†), which has a low turn-on
eld of 2.3 V mm�1, a eld enhancement factor of 3207, a large
eld emission current close to 6 mA cm�2 and good emission
stability (see Fig. S6†).

In order to investigate the origin of the efficient eld emis-
sion behaviours of layered Bi2Se3 nanosheets, we further
proposed a eld emission model based on a nite element
method with ANSYS v14 soware and Comsol 4.3 soware.28

There are two very important issues in the model of layered
Bi2Se3 eld emission: (1) the electrical eld distribution on the
layered Bi2Se3 in eld emission and (2) the shape dependence of
layered Bi2Se3.

First, we simulated the electrical eld intensity distributed
on a regular circular layered Bi2Se3 with a positive voltage of
1000 V applied to the anode (see Fig. S8†). Based on these
parameters, especially the permittivity of the involved materials
(see Table S1 in the ESI†), the edge effect is clearly proved in
Fig. 6(a) with a maximum intensity of 6.3 V mm�1. This also
shows that the edge effect is the key point to eld emission of
layered structural materials. Therefore, could we make more
edges to strengthen the effect? We further investigated
the irregular shape with more edges, and compared it with the
regular shape (circular disc). Fig. 6(b) and (c) compare the
electrical eld distributions of two cases. Obviously, the irreg-
ular shape shows amuchmore obvious intense edge effect. This
probably provides a way to enhance the eld emission for
layered materials, because unlike bulk materials used in eld
emission having a tip in the z direction, layered materials show
a plane on the top, meaning that it is very difficult to improve
This journal is © The Royal Society of Chemistry 2014
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Fig. 6 (a) Sectional drawing of electrical field distribution on a Bi2Se3
layer (5 nm thickness, 50 nm diameter); (b–d) electrical field distri-
butions for layered Bi2Se3 with regular shape (b), irregular shape (c) and
protrusion decorated structure (d).

Table 1 Comparison between the performances of relevant field emitters and the layered Bi2Se3 nanosheets in this work

Turn-on eld (V mm�1) Field enhancement factor (b) Reference

Single-layer graphene lms 2.3 (@10 mA cm�2) 3700 11
Layered MoS2 sheets 3.5 (@10 mA cm�2) 1138 17
Layered Bi2Se3 on at Si 2.3 (@10 mA cm�2) 6860 This work
Layered Bi2Se3 on exible carbon cloth 2.3 (@10 mA cm�2) 3207 This work
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eld emission through making a tip toward the z direction. In
terms of the inspiration from Fig. 6(b) and (c), the eld emis-
sion in a layered material can be tuned via making edges in the
crosswise dimension (x and y direction), which is in accordance
with the experimental results since the solution processed
layered Bi2Se3 nanosheets have complicated irregular shapes
(see Fig. 1–3). Besides, we also simulated the protrusion deco-
rated structure in Fig. 6(d), which shows further eld
enhancements over the sharp edge structures (see Fig. 6(c)). The
above simulation results reveal that the efficient eld emission
properties of layered Bi2Se3 nanosheets fabricated in this work
are not only related to their possible 2DEG in the surface and
lower work function but also to their abundant sharp edges or
protrusion decorated structure.
3. Experimental
Layered Bi2Se3 nanosheet synthesis

Layered Bi2Se3 nanosheets were prepared from bulk Bi2Se3
crystals by a three-step exfoliation method. First, bulk Bi2Se3
crystals (Alfa Aesar) were ground into Bi2Se3 powders using an
agate mortar (from Fig. S1(a) and (b)†). Then, the Bi2Se3
powders were converted into Bi2Se3 nanosheet clusters (from
Fig. S1(b) and (c)†) by a hydrothermal intercalation and exfoli-
ation method29 as follows: Bi2Se3 powders were placed into a
sealed Teon-lined autoclave with an ethylene glycol solution of
lithium hydroxide (8 M). Aer the autoclave was oven-heated at
This journal is © The Royal Society of Chemistry 2014
200 �C for 24 h, Bi2Se3 nanosheet clusters were obtained by
centrifugation and rinsed with acetone and deionized water to
eliminate the residual lithium hydroxide. At last, to get a
uniform dispersion of layered Bi2Se3 nanosheets, the as-
prepared Bi2Se3 nanosheet clusters were dried and immediately
suspended in isopropanol and sonicated for 30 min to achieve
nal exfoliation (from Fig. S1(c) and (d)†).
Layered Bi2Se3 nanosheet characterization

The morphologies were characterized by Sirion eld emission
scanning electron microscopy (SEM: Philips XL30). Trans-
mission electron microscopy (TEM) techniques, including the
selected area electron diffraction (SAED), were performed using
a JEM-2010 electron microscope. Atomic Force Microscopy
(AFM) measurements were carried out in a SPM-9500J3 system.
Raman spectra were obtained using a Horiba-Jobin-Yvon Lab-
Raman HR confocal microscope using 488 nm laser excitation
at room temperature. X-ray photoelectron spectroscopy (XPS)
and ultraviolet photoelectron spectroscopy (UPS) studies were
conducted with a Thermo ESCALAB 250xi instrument.
Field emission measurement

Field emission measurements were performed with a two-
parallel-plate conguration (Bi2Se3/Si as the cathode and a
phosphor coated ITO glass as the anode) in a vacuum chamber
with base pressure lower than 2.0 � 10�5 Pa. The cathode and
the anode were separated by a 220 mm thick Teon spacer, and
the cathode area was 0.04 cm2. The current–voltage (I–V) char-
acteristics were measured using a Keithley 6485 picoammeter
and a Keithley 248 high voltage supply.
4. Conclusions

In summary, layered Bi2Se3 nanosheets were prepared from
Bi2Se3 crystals by a three-step exfoliation method. Field emis-
sion with a low turn-on eld of 2.3 V mm�1, a high eld
enhancement factor of 6860 and good eld emission stability
was observed from the layered Bi2Se3 nanosheets. We further
proposed a eld emission model to investigate the origin of its
efficient eld emission behaviours, which found that the sharp
and irregular shapes of exfoliated atom-thick layered Bi2Se3
nanosheets play a key role in the edge effect that results in its
efficient eld emission. This work suggests that layered Bi2Se3
nanosheets with atom-thick sharp edges have great potential as
high-performance vertical structure eld emitters for a future
Nanoscale, 2014, 6, 8306–8310 | 8309
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light weight and highly exible electron source such as vacuum
electronic device applications.
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